Introduction
In responding to the invitation from the organiser of ABAF 13 Conference, this paper extends the results reported in the conference ECS transaction volume 48 focusing on the development of a new electric circuit to evaluate PEFC stack performances.
Polymer electrolyte fuel cells (PEFCs) generate electrical and thermal energy by combining hydrogen and oxygen. PEFC stacks have to survive under a range of operational environments varying from, for example, a winter low of sub-zero air temperatures to a summer high relative humidity. For instance, open-cathode PEFCs have to survive under a range of atmospheric compositions which can include sulphur dioxide, nitrogen oxides and ionic contamination, as well as fuel impurities that can all potentially cause irreversible damage to the PEFC [1] . The list of critical contaminants is much longer if we also consider the effects of battlefield gases for military applications [2] . Electrochemical impedance spectroscopy (EIS) is a powerful technique that can be applied in-situ for diagnosis of the PEFC performance. The resulting impedance is commonly shown in a complex plane and represents the electrochemical and diffusion mechanisms in the frequency domain. The use of equivalent electrical circuits with the experimental EIS technique is a well-established methodology to characterise processes in the PEFC. An electrical circuit can represent an identical impedance response to that obtained from the electrochemical studied. Each electrical component in the electrical circuit describes a physical process that takes place in the electrochemical system. In the authors' previous study [3] an electrical circuit was developed to simulate and characterise the frequency response of a single PEFC at any current of the polarisation curve. However, the electrical circuit had limitations in reproducing EIS measurements with positive imaginary components at low frequencies.
EIS measurements with positive imaginary components at low frequencies are known as an inductive loop and have been reported in the impedance response of PEFCs stacks [4] . Makharia et al. [5] suggested that the possible reason for this inductive effect at low frequencies are the side reaction and intermediates involved in fuel cell reactions. Roy et al. [6] developed an impedance model to account for the reaction mechanisms that may be responsible for the inductive response at low frequencies, the model proposes the formation of hydrogen peroxide (H 2 O 2 ) as an intermediate in a two-step oxygen reduction reaction (ORR). It has been reported [7] that crossover of hydrogen to the cathode facilitates the reaction of oxygen and hydrogen at the cathode, generating hydroxyl and hydroperoxyl radicals which react further to produce H 2 O 2 at the cathode. The hypothesis that H 2 O 2 may be formed at the cathode of a fuel cell is supported by the results of Inaba et al. [8] . In this study, the electrical circuit reported in the author's previous study [3] and developed from simple reaction kinetics 
Experimental
A commercial open-cathode 4-cell stack with a 16 cm 2 area was used for the experimental tests. High purity hydrogen (99.999 %) was used during the tests. The fuel cell stack was run in a through flow mode at the anode. Flow rate of hydrogen in the anode was kept constant during all the experiments with a stoichiometry of 2. The hydrogen supplied was dry. The PEFC stack was operated at ambient temperature 22 °C and the hydrogen back pressure was held at 0.4 bar(g). Polarisation
curves were recorded prior to impedance measurements, as shown in Fig. 1b .
EIS measurements were carried out through a multichannel frequency response analyzer FRA (Z#106 WonATech Co). The multichannel FRA consists of five channels and simultaneously measures five impedance spectra through a single induced DC current value. The multichannel system is connected with a RBL488 Dynaload. The EIS measurements were carried out in a galvanostatic mode with a 5%
AC amplitude of the DC current to obtain a linear response from the system at frequencies from 10 kHz to 0.1Hz. Five channels from the Z#106 FRA were used to simultaneously measure the impedance of the PEFC stack and the impedance solely for each cell. EIS measurements were carried In the authors' previous study [9] a reference electrode inserted in a PEFC operated with 100%
relative humidity in the anode and a multichannel frequency response analyser allowed the separation of the impedance response of the cell and cathode. The results showed that anode mechanisms (hydrogen oxidation reaction) have not contribution in EIS measurements at medium and high currents. Springer et al. [10] reported that there is a negligible difference in impedance response when measuring the cathode impedance relative to the anode or relative to a reference electrode place on the side of the anode. In this study, it was not possible to insert reference electrodes in the open-cathode PEFC stack to measure the impedance response for each electrode. Therefore based on anode impedance results reported in the literature [9, 10, 11, 12] ; the anode contribution on these EIS measurements, neglecting any contaminant within the hydrogen supplied such as CO which affects the PEFC performance [13] , will be considered negligible.
EIS measurements have limitations and present disadvantages as the low impedance values are obscured for low frequencies and some effects are not visible due to a masking effect in the impedance plot [14] . Therefore the impedance results of Fig. 2 reflect the overlapping of two semicircles. One at high-medium frequencies is related to the charge transfer resistance during the ORR and decreases with increasing current density, and the other at low frequencies is related to oxygen transport limitations and increases with increasing current density [9] . At high frequencies there is no inductive effect (EIS measurements with positive imaginary components Z'') of the measurement cables which deforms the high frequency region of the impedance spectra [15] . The sensing cables of the FRA were directly connected to the bipolar plates of the PEFC stack. This allowed the reduction of inductive effects on the EIS measurements at high frequencies by placing the sensing cables from the FRA as far apart as possible from the inductive source (electric cables). At high frequencies, Fig. 2 , it is clearly shown that the 45° straight line represents the ionic resistance of the catalyst layer as discussed in a previous study [15] . At low frequencies inductive effects on the EIS results were apparent for the three current densities. The literature [5, 6, 7, 8] When the kinetics of the ORR dominate the cell performance such as in the low current density range of the polarisation curve, the impedance spectrum mainly represents the charge transfer resistance during the ORR and its diameter decreases with increasing current density [14] . At a current density of 0.3125 A/cm 2 there is an increase in the driving force for the interfacial oxygen reduction process.
The impedance spectrum of cell 3 at low frequencies is bigger than cells 1 and 4. Cell 2 shows the biggest impedance spectrum. 
Previous electrical circuit for EIS analysis
In the author's previous study [3] an electrical circuit was developed based on fundamental The simulated data from Eq. 1 were compared with the measured EIS data using a Graphic User
Interface (GUI) developed in Matlab®. The use of the GUI with Eq. 1 for EIS analysis has already been demonstrated in the authors' previous study [3, 9, 15] . The GUI allows the fitting of the parameters from Eq. 1 to achieve a good agreement between the experimental and simulated data. In Eq. 1 there are some parameters that can also be estimated through a graphical interpretation of the Nyquist plot. This allows the reduction of the number of parameters to be fitted with the measured EIS spectra. R e can be estimated through the high frequency limit of the real part Z', R p can be estimated by projecting the 45 o straight line at the high frequency end of the spectrum and multiplying by three [5] . R C can be calculated from the following relationships [19] ; note that C f is the characteristic frequency at which the negative imaginary part of the impedance reaches its minimum value, and the value of superscript P is between 0.8 and 0.85 as reported in literature [17, 18] . The least squares fitting method was used in order to find the best-fit between the model and the measured data. A good quality fit is obtained when the sum of the deviations squared (least square error) between the simulated and measured impedance data has a minimum value, for instance < 0.1. The results show that Eq. 1 cannot reproduce EIS measurements in the positive imaginary part of the complex impedance plane at low frequencies as shown in Fig. 7 . Figure 7 . Comparison between measured data and simulated data from Eq. 1
New electrical circuit for PEFC stack analysis
The electrical circuit developed in a previous study [3] and shown in Fig. 6 cannot reproduce EIS measurements with positive imaginary components at low frequencies. EIS measurements with positive imaginary components of the complex impedance plane at low frequencies are commonly recognised as an inductive loop. As previously discussed, this inductive loop has been considered a characteristic of systems containing consecutive heterogeneous reactions with potential-dependent adsorbed intermediate species [5, 6, 7, 8] . Ambrosi and Sarli [20] reported that electrochemical reactions that take place within the electrolyte can be governed by both the rate constants and the intermediate species adsorbed on the electrode. The authors reported an electrical circuit representing a faradaic process with adsorption, as shown in Fig. 8 . The second term on the right-hand side of Eq. 1 was derived in previous study [3] by considering simple reaction kinetics represents the total process resistance during the ORR, charge transfer resistance R C in series with mass transport resistance Z W due to oxygen transport limitations. Bard and Faulkner [22] The parameters represented in Eq. 2 were fitted to the measured EIS data using the GUI in Matlab®.
An increase in the number of parameters in the equation that represents the PEFC impedance response may lead to increased error in the resulting fitting values. Eq. 2 was first fitted to the measured EIS spectra by considering 0 = Ad Z and estimating some parameters (R P , R C , Y, P, R e ) through a graphical interpretation of the Nyquist plot as shown in Fig. 7 . This caused a reduction in the number of parameters to be fitted in the measured EIS data. Secondly, the parameters from Ad Z were fitted to the EIS measurements to reproduce the inductive loop at low frequencies as shown in Fig. 10 . The least square error (< 0.1) method was applied. In this study, the electrical circuit reported in a previous study [3] and developed from fundamental electrode theory in simple reaction kinetics as shown in Fig. 6 was combined with the circuit that represents adsorbed intermediate species during the ORR in the CCL as shown in Fig. 8 . This methodology simplified the analysis and the resulting electrical circuit can be fitted with real-world EIS measurements to analyse the performance of PEFC stacks.
Performance analysis of the Open-Cathode PEFC Stack
This section demonstrates that the new circuit can evaluate the state of health and performance of PEFC cell stacks. The electrical circuit developed in this study can be fitted to EIS results of any during the ORR as reported by Roy et al. [6] .
Ohmic Resistance. Fig. 11 shows the high frequency region of the EIS measurements at the three different current densities. The measured data of cell 2 are not shown in Fig. 11 as the data of this cell from 10 kHz to 100 Hz showed a different trend compared to the rest of the cells as shown in Figs. 3,   4 and 5. Cell 3 shows a slightly higher ohmic resistance than cell 1 and 4 at the three current densities, this effect can be noticeable in the real part Z' at 10 kHz of the measured data, as shown in Fig. 11 .
The increase in ohmic resistance could be attributed to dehydration in the PEM which may have been caused by an increase in reaction generated heat in cell 3. Ohmic resistance seems to be more sensitive than charge transfer resistance to the temperature distribution through the stack. unstable and an optimal operating region [25] . Sasmito et al. [25] reported that the interception between the operating point of an Open-Cathode fuel cell stack and a FCC should be located in the optimal operating region and be sufficiently far away from any unstable and stalling region. 
Conclusions
This study has demonstrated that the use of an equivalent circuit derived from electrochemical theory with simultaneous EIS is a powerful tool for in-situ diagnosis of a PEFC stack. EIS measurements that 
